ABSTRACT More than 80% sensory information our brains receive come from the eyes. Eye fatigue and associated eye diseases become increasingly severe as digital devices progress in the last decade. Visual behaviors are controlled by different parts of muscles in human vision system. One can relax and protect his eyes timely if he knows when and how fatigued his eyes are. However, people usually have no sensation when the muscles suffer from fatigue. Thus, subjective assessments of eye fatigue are inaccurate. Objective assessments are more reliable. Some of the previous objective eye fatigue assessment methods depended on complex and expensive equipment, such as EEG, which made the user feel obtrusive. Some other methods depended on eye tracker. However, they didn't provide a widely accepted definition of eye fatigue. Moreover, most of the existing methods can only tell whether the fatigue occurs but cannot provide the fatigue level. In this paper, we provide a novel definition of eye fatigue based on seven optometry metrics. An unobtrusive eye tracker is used to do the assessment. Two real-time eye fatigue assessment models are proposed based on eye movement data and eye blink data, respectively. As a result, both of our models can provide an accurate eye fatigue level to users.
I. INTRODUCTION
With the rapid development of science and technology, screens bring users diversified feelings and convenience. Digital devices are rapidly replacing other forms of communications, which make our lives more effective. However, digital devises also bring us some health problems, such as eye fatigue and eye diseases. Asthenopia has been well reported in the literature. It is getting a serious problem in recent years potentially in association with the increase of digital device use [1] - [5] . In particular, according to a recent survey, up to 90% of Americans use digital devices at least two hours per day, with 60% using them five or more hours per day and 70% using two or more devices at the same time [6] . In fact, 73% of American adults own a computer and 68% own a smart phone. Except for these conventional 2D display, display technology has developed rapidly such as 3D display and temporal psycho-visual modulation based display (TPVM) [7] - [9] , which can give more information to eyes. Eye fatigue is a social issue and we need to find a method to solve it.
To remind a user to relax his eyes timely when eye fatigue occurs is an effective way to reduce eye fatigue problem. To accomplish this goal, we need to assess eye fatigue. First of all, we need to define what eye fatigue is. Eye fatigue has a wide range of visual symptoms, including tiredness, headaches, and soreness of the eyes [10] . ''Simulator sickness'', ''cinema or cinerama sickness'', ''visually induced motion sickness'', and ''vehicle-induced sickness'' show the same symptoms as eye fatigue [11] . However, there is a lot of overlap between ''eye fatigue'' and computer vision syndrome (CVS) [12] where eye complaints are caused by using visual display terminals (VDT) or visual display units (VDU). Kim et al. [13] and Holding [14] define a fatigue as a particular kind of change in the pattern of performance, e.g., as a decrement in performance or an increase in error rate with increasing time at the task. In this paper, we regard eye fatigue as the VDT-caused fatigue. We are only interested in the internal change of eye. Based on this, we provide a novel definition of eye fatigue.
A traditional method to assess eye fatigue is using questionnaire. Simulator sickness (SS) assessment [15] proposed by Kennedy is one of the first questionnaire and has been adopted for eye fatigue assessment [16] , [17] . However, there is no widely accepted questionnaire for measuring viewer's feeling during or after watching the screen. Most of the current studies make questionnaires adapted to their own purpose. For instance, Sheedy et al. proposed a questionnaire to measure the level of asthenopia (eye strain), but it was not strictly tuned for measuring fatigue caused by watching video content: [18] . The questionnaire of Shibata et al. contains information regarding eye-tiredness, vision clarity, neck and back pain, eye-strain, and headache. It was used to evaluate eye discomfort induced by watching video [19] . Questionnaire are subjective measurements and are time-consuming for users. The assessment model we propose is a real-time objective model using unobtrusive equipment.
Recent studies have found that a higher incidence of visual discomfort occurs among those who have accommodation insufficiency [25] , [26] . Accommodation insufficiency is characterized as inadequate near-point accommodation amplitude, which is changing with age. Accommodation insufficiency describes consistently weak performance, whereas fatigue is used to describe a normal accommodative function that initially is sustained with effort but deteriorates over time [27] . Studies have used slightly different diagnostic criteria, but they all agree that there must be a reduction in accommodative amplitude, usually adopting the criteria of 2 diopter below age appropriate minimum values. Almost every study measures accommodative amplitude using Donder push-up test [28] . In Donder push-up test, an individual with normal or corrected-normal distance vision observes a target as it approaches the eyes. She or he is instructed to keep the target as clear as possible and report when it just begins to blur at the edges and cannot be cleared with additional effort. The inverse of the viewing distance for the first sustained blur is the amplitude of accommodation. Previous studies use only one optometry metric, such as BCC or NRA, however, in our research, we use seven optometry metrics to define eye fatigue. We will demonstrate each of the seven metrics is sensitive to eye fatigue. We do a combination for these metrics to define eye fatigue.
Since the movement of human eye is controlled by the ocular muscle, which is further controlled by the brain through a motor nerve, eye behavior may provide insight into human behavior corresponding to cognitive workload [20] . In this paper, we propose to find a simple method to assess eye fatigue using an eye tracker rather than expensive medical devices. Eye tracker has been used to detect human fatigue in previous studies. One of the popular applications is driver fatigue detection [30] , [31] . Human eyes suffer no injury from this kind of fatigue since they are relaxed when viewing distance [32] . The eye fatigue investigated in this paper is caused by viewing vicinity, from which human eyes may suffer injury [12] . Most of the eye trackers used for drivers are obtrusive devices. Drivers may be distracted by the eye tracker, which is contrary to its motivation of making drivers drive safer. Yamada and Kobayashi [33] proposed a model using natural-viewing eye tracker. His model can only judge whether the participant is fatigued or not. Our model provides a real-time eye fatigue level for participants. Blinking is one of the visual behaviors that can be easily observed when participants experience fatigue. Several studies have observed increased fatigue results in longer and more frequent blinking [34] . Several studies have investigated the validity and sensitivity of saccadic metrics, including saccade velocity, duration, and amplitude, as indexes of an individual's fatigue [35] . In our assessment model, blink and saccadic metrics are selected. We provide an integrated and accurate eye fatigue assessment model.
The software development industry requires improved methods for the objective analysis and design of software interfaces. This study provides a foundation for using eye movement analysis as part of an objective evaluation tool for eye fatigue analysis. Our contributions are as follows:
• We select seven optometry metrics to define eye fatigue, including Binocular Crossed Cylinder test (BCC) [29] , [43] , Negative Relative Accommodation (NRA) [36] , Positive Relative Accommodation (PRA) [36] , Right Pupil diameter (PR) [40] , Left Pupil diameter (PL) [40] , Right Lens Thickness (LTR) [44] and Left Lens Thickness (LTL) [44] . We also design an experiment to demonstrate their reliability.
• We provide two valid eye fatigue assessment models. Model 1 is based on eye movement data, which is able to judge whether user is suffering from eye fatigue and also provide the users eye fatigue level. Model 2 is based on blink data which is easier to get compared to the eye movement data. The remainder of this paper is organized as follows. Section II provides explanations about the 7 optometry metrics. Section III presents our experiment procedure and data acquisition. Section IV describe our eye fatigue assessment method. Section V concludes this paper.
II. OPTOMETRY METRICS
In this section, we give the explanations of the seven optometry metrics used in this paper.
A. EXPLANATION OF BCC
Several existing objective and subjective methods are used to measure the accommodative response (AR). A common subjective technique is the binocular crossed cylinder test (BCC). Through accommodation, the dioptric power of the eye increases so that images of close objects can be brought into focus on the retina. BCC reflects the level of this power. Normal value of BCC is between 0 and +0.75 diopter (D), VOLUME 6, 2018 ideal value is 0. When a BCC value is positive, it is called under-accommodation, which means the eye does not have enough power to focus. When a BCC value is negative, it is called over-accommodation, which means the eye can focus, but can not relax. Berens and Stark [22] demonstrated that eyes showed a small but significantly greater accommodative response after a short time stimuli. But he didn't give a mathematical result about it. The measuring method of BCC is described in Section III-B.
B. EXPLANATION OF NRA
Negative relative accommodation (NRA), is used to measure the eye's ability to see distant objects, that is, the eye's ability to thin the lens. A normal value of NRA is between +2D and +2.5D, and its ideal value is +2.5D. If one eye's NRA is higher than +2.5D, its original refraction is wrong and the NRA result is meaningless. If one eye's result is lower than 2D, that means it cannot relax its ciliary muscle effortlessly. Berens and Sells [24] consistently found evidence of accommodative fatigue when subjects sustained near accommodation for approximately 30 minutes. A more recent study of computer workers showed a 0.69D decrease in NRA after a 4-day work period compared with a 0.18D decrease in controls, suggesting that a longer accommodative demand period might be needed to detect fatigue or insufficiency in asymptomatic subjects [25] . The measuring method of NRA is described in Section III-B.
C. EXPLANATION OF PRA
Positive relative accommodation (PRA), is used to measure eye's ability to see close objects, that is, eye's ability to thicken the lens. Normal value of PRA is less than −2.5D, and the less, the better. If one eye's PRA is greater than −2.5D, that means it has a problem to tension its ciliary muscle. Berens and Stark [22] found that 30.8% of the office workers they tested showed a decrease in PRA amplitude, 28.7% showed an increase, and 40.5% showed no change, during a 15-minute near work task that required sustained accommodation. Visual discomfort symptoms were rarely reported among those who showed a decrease in PRA amplitude. In a similar study, Hofstetter reported that when the amplitude began to weaken, subjects often could improve accommodation with encouragement and renewed effort [23] . Tosha et al. [36] also demonstrated that PRA had a definite relation to visual discomfort. The measuring method of PRA is described in Section III-B.
D. EXPLANATION OF PR AND PL
The pupil is known to be constantly active even under steadystate luminance conditions [40] and it has been suggested that variations(i.e., instability) in pupil size may be related to the level of fatigue experienced by the subject. Previous experiments have found that under certain conditions the pupil failed to re-dilate following a concentrated near vision task even though a substantial reduction in accommodation might have occurred [41] , suggesting the possibility of pupil aftereffect following near work. Tsuchiya et al. [42] found that these pupil changes occurred even in the absence of changes in the tonic level of accommodation and they proposed the possibility that pupil changes might provide a method of monitoring the effect of sustained near vision. The measuring method of pupil diameter is described in Section III-B.
E. EXPLANATION OF LTR AND LTL
The lens is known to be constantly accommodated by muscles based on different visual distances. The physiological importance of the lens thickness is based on its influence on the optical system of the eye [44] . The measurements of NRA and PRA is based on this property. There is no previous experiment which investigates the relationship between lens thickness and eye fatigue. In this paper, we demonstrate that one lens has a different thickness when the correlative eye looks at the same thing with same distance at different time. We also demonstrate that this change is associated with eye fatigue. The measuring method of lens thickness is described in Section III-B.
III. EXPERIMENT A. EXPERIMENT OVERVIEW
Twenty-five adult participants aging from 20 to 35 years old, with normal or corrected to normal eye-sights participated in our experiment. No gender difference was examined. The experiment procedure is shown in Fig. 1 . Session 1 is the eye fatigue assessment experiment. Session 2 is a control FIGURE 1. Procedure of our experiment. Session 1 is eye fatigue assessment experiment. Session 2 is control experiment. For session 1, white parts represent 4 times of optometry test. Red parts represent 3 segments of the video-watching, during which the eye tracker is on. The only difference in session 2 from session 1 is the mission part, subjects keeps their eyes closed in the 3 red parts. The four 20-second segments were selected for analysis. Each session lasted for 54 minutes and subjects did not rest until they finish. VOLUME 6, 2018 experiment. For session 1, white parts represent 4 times of optometry test. Red parts represent 3 segments of the videowatching, during which the eye tracker is on. The only difference in session 2 from session 1 is the mission part, subjects keeps their eyes closed in the 3 red parts. The four 20-second segments were selected for analysis. Each session lasted for 54 minutes and subjects did not rest until they finish. During optometry, we got 7 metrics of the subject which are described in Section II. Acquisition methods are introduced in Section III-B. The duration of the optometry was 6 minutes. During video-watching, subject watched a 10-minute-long video in front of an eye tracker. Eye movement data was recorded all through the 10 minutes. The four 20-second segments were selected for analysis. The same 25 subjects participated in the control experiment. For any subject, he participated in assessment experiment and control experiment at the same time but on different days. The interval time between the assessment experiment and the control experiment is one month. The impact of without doing counter balance can be ignored. Counter balance is a strategy when the experiment includes control. Participants are divided into 2 groups equally. One group do the control experiment first and then do main experiment. The other group in reverse.
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Optometry in this paper was based on 2 instruments: phoropter and optical biometry. Phoropter was the only equipment user could use to do accurate optometry currently. Automatic refractor was widely used in China, which was fast but not as accurate as phoropter. If someone got his glasses only by automatic refractor, he might not feel comfortable and his ametropia would aggravate. As shown in Fig. 2(a) , the phoropter we used was NIDEK RT-600. In this paper, phoropter provided the parameters of BCC, PRA, and NRA. The optical biometry we used was SUOER SW-9000, shown in Fig. 3(a) . Optical biometry provided the parameters of PR, PL, LTR, LTL. The eye tracker we used was Tobii T120 which integrated 3 infrared cameras together with a screen. This eye-tracker had been widely used in many visual attention studies [37] - [39] . 
B. OPTOMETRY EXPERIMENT
This section introduces the measurements and analyses of 7 optometry metrics. 
1) MEASUREMENT OF BCC
When doing BCC test, the subject did not need to wear glasses but phoropter provided a proper refraction which made subject emmetropic. As shown in Fig. 2(b) , the fixation target was a card with high contrast grid which was located at 40cm from eyes. The column light on the phoropter and room light were kept on. The phoropter wheels stationary crossed-cylinder lens was inserted before each eye. This lens was corresponded to the crossed cylinders of ± 0.50D with the vertical axis at 90 o . Without crystalline lens accommodation, +0.50D horizontal cylinder lens was to place the horizontal lines in front of retina, while −0.50D vertical cylinder lens was to place the vertical lines behind retina, as shown in Fig. 4 . The subject was then asked whether the horizontal or vertical lines appeared clearer. If both could be seen equally clearly, the result of the test was recorded as 0D. It was common for the subject to view the horizontal lines clearer due to under-accommodation. In this case, positive lenses were added in 0.25D steps for both eyes. In order to let both horizontal and vertical go in front of retina, until the subject viewed the horizontal and vertical lines equally clear or if this did not occur, the examiner recorded the first lens resulting in the vertical lines appearing clearer. In contrast, if initially the vertical lines appeared clearer, this meant the subject is ametropia. In this case, the subject needed to do optometry and get proper refractive diopter and do BCC test again. BCC is chosen in this paper because it is the simplest to obtain among accommodative response parameters. Fig. 5(a) shows that BCC changes in 4 times of optometry for each participant in the assessment experiment. The 4 horizontal dotted lines show average values of 25 participants. The average values and the increments of BCC from the first to the fourth optometry are listed in Table 1 . The 3 increments represent the second, third, and fourth measurement's increments compared to the first measurement. Fig. 6(a) shows that BCC changes in 4 times of optometry for each participant VOLUME 6, 2018 in the control experiment and the average values and the increments of BCC from the first to the fourth optometry are listed in Table 2 . Comparing the result of control experiment to the result of assessment experiment, we see that watching video has a temporary influence on accommodation of the eyes.
2) MEASUREMENT OF NRA
When doing NRA test, the subject did not need to wear glasses but phoropter provided a proper refraction which made subject emmetropic. The fixation target was a card at 40 cm with some letters which are small but clear enough for emmetropic eyes. The column light on the phoropter and room light were kept on. At the beginning, the subject could clearly see the letters. Positive lenses were added in 0.25D steps. Subject was asked whether letters were clear or not on every step. The examiner recorded the first lens resulting in the letters becoming blur. During the operation went on, positive lenses got thicker and crystalline lenses got thinner. NRA represents eye's ability to relax. Fig. 5(b) shows that NRA changes in 4 times of optometry for each participant in the assessment experiment. The 4 horizontal dotted lines show average values of 25 participants. The average values and the increments of NRA from the first to the fourth optometry are listed in Table 1 . The 3 increments represent the second, third, and fourth measurement's increments compared to the first measurement. Fig. 6(b) shows that NRA changes in 4 times of optometry for each participant in the control experiment and the average values and the increments of NRA from the first to the fourth optometry are listed in Table 2 . Comparing the result of control experiment to the result of assessment experiment, we see that watching video has a temporary time influence on subjects' ability to see distant objects.
3) MEASUREMENT OF PRA
When doing PRA test, the subject did not need to wear glasses but phoropter provided a proper refraction which made subject emmetropic. The fixation target was a card at 40 cm with some letters which are small but clear enough for emmetropic eyes. The column light on the phoropter and room light were kept on. At the beginning, the subject could clearly see the letters. Minus lenses were added in −0.25D steps. Subject was asked whether letters were clear or not on every step. The examiner recorded the first lens resulting in the letters became blur. During the operation went on, minus lenses got thinner and crystalline lenses got thicker. PRA represents eye's ability to see vicinity. If someone's result is bigger than −2.5D, his has problem to control his crystalline lenses. Table 1 . The 3 increments represent the second, third, and fourth measurement's increments compared to the first measurement. Fig. 6(c) shows that PRA changes in 4 times of optometry for each participant in control experiment and the average values and the increments of PRA from the first to the fourth optometry are listed in Table 2 . Comparing the result of control experiment to the result of assessment experiment, we see that watching video has a temporary time influence on subjects' ability to see close objects.
4) MEASUREMENT OF PR AND PL
When doing optical biometry test, the light given to subject is shown in Fig. 3(b) . Optical biometry test was about 1 minute for 2 eyes. Reported parameters include corneal curvature, corneal refractive index, cornea diameter, pupil diameter, axial length, corneal thickness, anterior chamber depth, lens thickness, vitreous thickness, for each eye. In the present study, subjects performed a 30 minutes near vision task using 3 different 10-minute-long videos. Pupil diameters were tested by optical biometry in 4 times optometry, as shown in Fig. 1. Fig. 5(d) and (e) show that PR and PL changes in 4 times of optometry for each participant. The 4 horizontal dotted lines show average values of 25 participants in the assessment experiment. The average values and the increments of PR and PL from the first to the fourth optometry are listed in Table 1 . Fig. 6(d) and (e) show that PR and PL changes in 4 times of optometry for each participant in the control experiment and the average values and the increments of PR and PL from the first to the fourth optometry are listed in Table 2 . Comparing the result of control experiment to the result of assessment experiment, we see that watching video has a temporary time influence on subjects' pupil diameter.
5) MEASUREMENT OF LTR AND LTL
Lens thicknesses of both eyes were recorded at the same time with pupil diameter by optical biometry. Fig. 5(f) and (g) show that LTR and LTL changes in 4 times of optometry for 25 participants, the 4 horizontal dotted lines show average values of 25 participants. The average values and the increments of LTR and LTL from the first to the fourth optometry are listed in Table 1 . Different to the previous 5 metrics, there is no research has demonstrated that lens thickness is correlate to eye fatigue. In Fig. 5(f) and (g), LTRs and LTLs of all participants have an obvious reduction through the assessment experiment. Table 1 shows that the 25 participants' average reductions of LTR and LTL through experiment. Fig. 6(d) and (e) show that PR and PL changes in 4 times of optometry for each participant in the control experiment and the average values and the increments of PR and PL from the first to the fourth optometry are listed in Table 2 . Comparing the result of control experiment to the result of assessment experiment, we see that watching video has a temporary time influence on subjects' Lens thicknesses.
C. EYE TRACKING EXPERIMENT
This paper aims to assess eye fatigue by eye tracker rather than other expensive medical devices. We needed to supervise a subject from the time when his eye was not tired at all to the time when his eye was quite tired. Our experiment was a process to fatigue participant's eyes gradually. The visual stimuli used in this work was cartoon ''Tom and Jerry''. There were 3 segments of cartoon corresponding to the 3 red parts of Fig. 1 . Each segment was 10 minutes. The 3 segments of cartoon were different and their order was random for every subject. This could eliminate the influence of the cartoon content. In general, any video could be used to simulate human computer interaction, the reason we use cartoon was to add some entertainment in experiment. A Tobii T120 eye tracker with a built-in monitor with the resolution 1280×1024 was used. The 3 segment videos could fit into the screen without resizing and distortion. 4 times of optometry were arranged before, between and after 3 segments of cartoon. Each time of optometry lasted about 6 minutes which could cause slight eye fatigue. However the main fatigue was caused by the 3 segments of cartoon. The distance from subject to eye tracker screen is 60cm. When a subject was watching cartoon, his head could not move front or back, while his eyes could move and blink freely but could not deviate from the screen. After experiment, all the subjects told that their eyes were quite fatigued, even though the whole experiment for each subject was less than 1 hour. Theoretically, the longer experiment was, the more obvious symptom of eye fatigue we could get. For humanitarian, our experiment was limited to 30 minutes of video-watching in near distance, which could clearly cause eye fatigue and did not do harm to participants.
For numerical analysis and fatigue assessment, we choose 10 eye movement metrics, each metric is counted up in 20 seconds. These 10 metrics are: 4 fixation metrics, including fixation number, total fixation duration, average fixation duration, mean square error (MSE) of fixation durations; 4 blink metrics, including blink times, total blink duration, average blink duration, MSE of blink durations; and 2 distance metrics, including eye movement distance and average saccade length. We recorded eye movement data all through video-watching time. and we selected four 20-second segments through experiment to analyze. The 4 segments are: the first 20 seconds in first 10 minutes cartoon, the last 20 seconds in first 10 minutes cartoon, the last 20 seconds in second 10 minutes cartoon, and the last 20 seconds in third 10 minutes cartoon, which are the 4 segments nearest to 4 times optometry. The four selected 20-second segments are shown in Fig. 1 . We first analyze the 10 eye movement metrics respectively.
1) FIXATION METRICS
Fixation describes the moment in which the eyes are relatively stationary and looking at a region while interpreting the information [45] . One of our assumptions is that subject's fixation information in a constant time reflects the level of his eye fatigue. We analyze 4 fixation metrics: fixation number, total fixation duration, average fixation duration, MSE of fixation durations. As shown in Fig. 1 , we selected four 20-second segments from the experiment for analysis. The changes of 25 subjects' fixation information from the first to the fourth 20-second segment are listed in Table 3 . The 3 increments represents the second, third and fourth measurement's increments compared to the first measurement, respectively. According to the result, for every subject, fixation number and total fixation duration decreased significantly through the experiment. These changes denotes that it was getting more difficult for subject to fix on target, meanwhile, more meaningless saccades occurred, which could worsen subjects' watching experience. For example, at the beginning of experiment, subject could easily catch the cat in cartoon and follow it. As time went on, meaningless saccades occurred and subject had to move his eyes back to the point he was interested in. Besides, average fixation duration and MSE of fixation durations increased significantly through the experiment. These changes denote that once the eyes were fixed, the subject was so much like in a daze, since the cartoon on the screen was moving. Based on these phenomena, we can infer that eye fatigue of subjects got intensified. 
2) BLINK METRICS
The blink information is used to measure the cognitive load [46] . Varying degrees of mental effort is required during a task to adapt instructions such that the information is transferred efficiently. A change of blink information indicates a higher amount of workload and eye fatigue. One of our assumptions is that subject's blink information in a constant time reflects the level of his eye fatigue. We analyze 4 blink indexes: blink times, total blink duration, average blink duration and MSE of blink durations. We accumulated the blink metrics in 20 seconds, as shown in Fig. 1 , we selected four 20-second segments from the experiment for analysis. Different to fixation metrics, the blink times and durations could not be obtained directly from eye tracker. When subject blinked, eye tracker could not detect his eyes and data would be recorded as null. So the blink occurred when the recorded data was null. The changes of blink information from the first to the fourth 20-second segment are listed in Table 4 . The 3 increments represents the second, third and fourth measurement's increments compared to the first measurement, respectively. According to the result, for every subject, all of the 4 metrics of blink increased significantly through the experiment, and at the same time, eye fatigue of subject got intensified. This is easy to understand, blink is a manner to relax for normal participant. Subject tended to increase his blink rate and duration to get his eyes more comfortable, which indicated he was suffering eye fatigue.
3) DISTANCE METRICS
Eye movement distance is a measure that can be used to define an optimal visual search based on connecting fixation points [47] . One of our assumptions is that subject's eye movement distance information in a constant time reflects the level of eye fatigue. We analyze 2 distance metrics: eye movement distance and average saccade length. As shown in Fig. 1 , we selected four 20-second segments from the experiment for analysis. Distance information was computed in pixels based on screen layout. The eye movement distance (in pixels) is the summation of the distances between the fixation points. One saccade length is the distance between two adjacent fixation points based on the scanning order of eyes. The changes of eye movement distance information from the first to the fourth 20-second segment are listed in Table 3 . The 3 lines of increments represents the second, third and fourth measurement's increments compared to the first measurement, respectively. According to the result, for every subject, both eye movement distance and average saccade length increased through the experiment, and at the same time, eye fatigue of subject got intensified. In contrast to normal physical fatigue, eyes did not get lazy when tired, but got more excited.
We notice that fixation number decreased in the same time. Fixation number could not decide eye movement distance in the situation that eye movement stopped many times on one path, or in the situation that eye scan on the screen on a long path but did not stop at all. The increases of distance metrics indicate that subject could not catch object with his eyes very well, which indicated he was suffering from eye fatigue.
IV. EYE FATIGUE ASSESSMENT
The motivation of this paper is to assess human eye fatigue by eye tracker in real-time. Based on eye movement data we collected, we define an eye fatigue assessment equation as (FN , TFD, AFD, FMSE, D 
A. EYE FATIGUE DEFINITION
Before we do assessment, we need to know the true eye fatigue level at this time. We give a novel definition based on 7 optometry metrics as
where BCC, NRA, PRA, PR, PL, LTR, LTL represent the 7 optometry metrics in real time, which are discussed in Section II. In our experiment, we recorded 4 times of optometry data for every subject. In Table 1 , we notice that 7 optometry metrics have the same order of magnitude, we define the eye fatigue as
where F represents the true eye fatigue value at that time.
The minuses are before NRA, PR, PL, LDR, LDL because these 5 indexes decreased through time. As time went on, the right side of Eq. (3) grew larger, and the eye fatigue grew more serious. Our assumption is that every metric in the 7 optometry metrics is sensitive to eye fatigue. Fig. 7 shows the average and MSE changes of optometry data for all participants dependent on time. For all the 7 metrics, participants' average values significantly changed through the experiment, the longer time they watch video, the more significant change occurred. Fig. 7(h) shows the average and MSE changes of F in Eg. (3) for all participants dependent on time. We also do two-sample student's t-test for optometry data. The results are listed in Table 4 . The ''Eye fatigue'' is the result of Eq. (3). Hypothesis 0 indicates that the null hypothesis cannot be rejected at the 5% significance level, which means the 2 samples come from distributions with equal means. Hypothesis 1 indicates that the null hypothesis can be rejected at the 5% significance level, which means the 2 samples come from different distributions. According to the results, for every optometry metric we picked, it has a different distribution at the end of experiment compared to the beginning. These results demonstrate that every metric in the 7 optometry metrics is sensitive to eye fatigue. One of our assumptions is that all the participants suffer no eye fatigue at the beginning of the experiment when their eye fatigue levels are 0. In Fig. 6 , we notice that the initial optometry values of all participants are different. We simply normalize the true eye fatigue as
where F time i is eye fatigue level in time i of one subject. The F time i is continuous if F time i is continuous, which can be used for regression. For 2-class classification, the fatigue values are discretized to 0 and 1. For 3-class classification, the fatigue values are discretized to 0, 1, and 2. For 4-class classification, the fatigue values are discretized to 0, 1, 2, and 3.
B. EYE MOVEMENT FEATURE SELECTION
Since we have ground truth of eye fatigue level, we need to assess people's eye fatigue level via eye movement data. We got 10 kinds of feature, which are the 10 eye movement metrics described in Section III-C. All the values above were accumulated in 20 seconds. Before doing classification or regression, we give a rank of these 10 features, which is also called feature selection. We rank the 10 features based on their contributions to target values. We use the MaxRelevance and Min-Redundancy algorithm (mRMR) [48] . Max-Relevance feature means the feature with the highest relevance to the target value, while the Min-Redundancy feature means the feature with the lowest relevance to other features used to put in the learning machine. This relevance is defined as mutual information. Given two random variables x and y, their mutual information is defined as:
where p( * ) is probabilistic density functions. Based on mutual information, we define Max-Relevance features as:
where S is the feature set we are selecting, c is target value, x i is the feature selected at this time. Initially, S is empty and only one feature is selected at one time. Similar to MaxRelevance features, we define Min-Redundancy features as:
where S is the feature set we select. Initially, S is empty and only one feature is selected at one time. x i is the feature selected at this time. x j is any feature in S before this time of selection. mRMR features are defined as:
where D and R are defined in Eq. (6) and Eq. (7). In practice, suppose we already have S i−1 , the feature set with (i − 1) features. The task is to select the feature x i from the set X − S i−1 , where X is the set with all features. The respective incremental algorithm optimizes the following condition:
Before doing feature selection, we do normalization for both eye movement metrics and eye fatigue level to make sure the initial condition are the same. The normalization rule is based on Eq. (4). There is a limitation in Peng's algorithm [48] , it can do feature selection only when the ground truth are discrete. We compare feature selection results of 3 kinds of classifiers: 2-class, 3-class, and 4-class. Based on mRMR, we can get a ranking of 10 eye movement features. Table 5 shows the feature selection result for different classifications. According to the result, for all 3 kinds classifications, the top 7 features are the same.
C. EYE FATIGUE ASSESSMENT MODEL
We use 3 kinds of classifiers, including 2-class support vector classifier (SVC) [49] , [50] , 3-class SVC, and 4-class SVC to assess eye fatigue level. We use 2 kinds of regressors, including epsilon support vector regressor (ε-SVR) [51] and nonlinear support vector regressor (n-SVR) [52] to assess eye fatigue value. Penalty coefficient is set to 1 for all support vector machines(SVMs). We select 11 feature sets with different dimensions to put in SVMs. The features and ground truths are normalized based on Eq. (4) before input. Feature set 1 to feature set 10 are one dimensional vector to ten dimensional vector, respectively. The selection rule of these 10 sets is based on mRMR algorithm, which is described in Section IV-B. For the feature set i, where i = 1, 2, ...10, it has i features which are the top i features listed in Table 5 . Different SVMs have different rankings. The selection rule of the two regressors is same to the rule of 4-class SVC. The feature set 11 is blink feature, which only contains 4 blink metrics. We select this feature set because it is much easier to detect eye blink than other eye movement information. The equipment that can only detect blink is much cheaper than an ordinary eye tracker. If the blink feature is qualified to Table 6 . According to the result, kernel 1 has the best performance of classification in 2-class SVC, which has a 100% classification accuracy for all the 11 feature sets. Kernel 2 has the best performance of classification in 3-class SVC, which has a 0.875 classification accuracy from feature set 7 to feature set 10. Kernel 1 has the best performance of classification in 4-class SVC, which has a 0.813 classification accuracy from feature set 5 to feature set 10. As for blink feature, the machine selection is accordant to the eye movement feature, but its performance is slightly worse than that of feature 10. We notice that kernel 1 has the poorest performance in 3-class SVC while it has the best performance in 2-class SVC. It is interesting that different kernels apply to different SVCs. Linear kernel, polynomial kernel, and linear kernel apply to 2-class SVC, 3-class SVC, and 4-class SVC, respectively. The regression results of the 2 SVRs are listed in Table 7 . The best performances of eye movement feature comes from the machine of ε-SVR with kernel 2. The predicted values have a correlation of 0.977 to the ground truth. As for blink feature, there exists discordance between eye movement feature and blink feature. The best performance of blink feature is from kernel 2 of n-SVR, rather than ε-SVR. In general, for all the 5 SVMs, feature 10 has the best performance, and the performance of eye movement is a little better than that of blink feature.
Based on different equipment costs, we build 2 eye fatigue assessment models using eye movement data and blink data, respectively. Based on different applications, including classification and regression, a best SVM with a suitable kernel should be selected. According to the results from Table 6 and Table 7 , variable selections of our models are confirmed. The variable selection of eye movement data is listed in Table 8 . The feature for this model is feature set 10, which consists of 10 eye movement metrics. The variable selection of blink data model is listed in Table 9 . The feature for this model is blink feature, which consists of 4 blink metrics. In practice, user can choose his preferred application, and the system will automatically select variables and do eye fatigue assessment. 
V. CONCLUSION
In this paper, we propose a method to assess eye fatigue by eye tracker rather than expensive medical equipment. Our experiment included 4 times of optometry and 3 segments of video-watching, which totally costed 54 minutes for one subject. Through experiment, subject's eyes transformed from completely relax to quite fatigued and we monitored eyes' condition in the whole process. 7 kinds of optometry metrics were recorded to define eye fatigue. 10 kinds of eye movement metrics were recorded as assessment features. We provide a novel definition for eye fatigue based on optometry data. We use mRMR algorithm to do feature selection. 5 kinds of SVMs are used to assess eye fatigue. We analyze the performances of 3 SVCs and 2 SVRs. As a result, we provide two valid eye fatigue assessment models. Model 1 is based on eye movement data, which is not only able to judge whether user is suffering eye fatigue, but also able to provide the user's eye fatigue level. Model 2 is based on blink data which is easier to get than eye movement data. Model 2 has the same application as model 1, but its performance is a little bit worse than model 1. This paper is only a start for real-time eye fatigue assessment. In the future work, we will concentrate on 3 aspects: (i) to find more validate eye fatigue definition, (ii) to give more robustness to our model, (iii) to investigate different kinds of participants' different responses when eye fatigue occurs.
